Chemically synthesized duplex oligodeoxynucleotides having different average numbers of adenine tracts (A6) per helix turn were ligated into multimers and analyzed by electrophoresis on polyacrylamide gels. The magnitude of the anomaly in gel mobility is found to be a quadratic function of the curvature of the DNA molecule. Parameters that describe intrinsic DNA bending, expressed as the tilt and roll components of the helix-axis deflection at the junctions between the adenine tract and adjacent B-DNA, were adjusted to fit the measured relative curvature of regularly repeated DNA bending sequences known from other studies and synthesized for this study. The model developed here retains the predominance of bending in the direction of tilt at the junctions but incorporates an appreciable roll component at the 5' end of an adenine tract, opening the minor groove there. This feature is consistent with chemical "footprinting" experiments on molecules containing adenine tracts. The overall direction of bending is effectively toward the minor groove, viewed from the center of an A. or A6 tract. A possible underlying structure, which can also be described by a wedge bending model, is that derived from fiber diffraction studies of poly(dA)-poly(dT). However, alternative models for the adenine tract, such as propeller twisted DNA, cannot be eliminated, although they do not lead to the correct direction of bending. The results permit calculation of the helix-axis trajectory of natural DNA molecules containing adenine-tract bends.
Bending in DNA molecules is most commonly determined from the anomalies in their electrophoretic mobilities on polyacrylamide gels (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) , although other techniques, including electron microscopy (11, 12) , rotational dynamics (13, 14) , and DNA cyclization efficiency (ref. 15 and H.-S.K., J. R. Rice, and D.M.C., unpublished data), have also been employed. The anomaly in gel mobility is an increasing function of the extent of DNA bending, as expected from theory showing that gel mobility is proportional to the mean-square end-to-end distance (16, 17) . Here we seek to establish an accurate empirical relationship between the anomaly in gel mobility and the curvature of DNA molecules. Oligodeoxynucleotides with various numbers of A6 (or T6) tracts per helix turn were synthesized, and the hybridized oligodeoxynucleotides were ligated into multimers. By comparing the gel mobility for multimers of various curvatures, an empirical relationship was obtained between gel mobility anomaly and DNA curvature.
With a quantitative calibration of relative DNA curvature in hand, it is possible to search for a simple model for A-tract-induced bending that accounts for the observed gel mobility of the known bending sequences, along with some variants whose synthesis is described here. We present our results in terms of the junction model (8) , in which bending is characterized by roll and tilt angles between the overall helix axis of an A-T tract and the adjacent B-DNA helix axis. We deduced previously (8) that the bend angle is larger at the 3' junction of A tracts than at the 5' junction, and bending is primarily toward the tilt direction rather than roll at the junctions. However, from the gel mobility data on some bent sequences (9) , whose properties could not be predicted by using the earlier model incorporating tilt exclusively, we surmised the presence of a roll component of bending at one or more of the junctions. Bend angles at the junctions were determined by an iterative process, and the optimal bend angles were taken as those that minimized the deviation between the sets of calculated and observed mobility values. Adequate fit to experiment was achieved by incorporating a roll component in the bend at only the 5' A-tract junction. Quantitative values for the bend angles are based on an estimate of 220 of bend per A tract, consistent with the upper end of the range of values determined from the kinetics of cyclization (H.-S.K., J. R. Rice, and D.M.C., unpublished data).
MATERIALS AND METHODS
Preparation of the Multimers of Synthetic Duplexed Oligodeoxynucleotides and Measurement of Their Gel Mobilities. The oligonucleotides in Table 1 were made on a DNA synthesizer (Applied Biosystems, Foster City, CA) and purified as described in ref. 8 . The oligonucleotides were labeled with [y-32P]ATP (Amersham) and T4 polynucleotide kinase and hybridized to their complementary strands. Duplexed oligonucleotides were self-ligated to produce multimers, which were electrophoresed on 8% polyacrylamide gels at room temperature and then located by autoradiography as described previously (8) . The gel mobilities of the multimers were compared with those of ligated products of 10-bp-long BamHI linker (New England Biolabs) used as size markers. The RL value is the ratio of apparent length, determined from the size markers, to real length; (RL -1) measures the magnitude of the anomaly in gel mobility.
Calculation Only one strand is shown here, and the deoxy prefix d is omitted, as it is throughout this paper. All oligodeoxynucleotide duplexes were designed to have 2-base-pair (bp) protruding 5' sticky ends so that they can be self-ligated to produce multimers with unique polarity. The sequence names A6-m/n indicate the average number of A6 tracts per helix turn, m/n. lated. The distance from one end of the molecule to each successive base pair was followed, until it reached the first minimum; the DNA segment of this size was approximated as a circle, whose circumference is inversely proportional to the curvature of the sequence. The sequence A6N4 was used as a standard, and the relative curvature was obtained by calculating the ratio of the circle size for A6N4 to that of a given sequence.
RESULTS
Relationship Between the Curvature of DNA Molecules and the Anomalies in Their Gel Mobilities. Each calibration sequence in Table 1 contains at least one A6 tract, and in sequences with more than one tract, they are spaced at intervals of 10-11 bp. All the duplexed oligonucleotides should have overall helix screws ranging from 10.3 to 10.5 bp per turn, calculated from the nucleotide composition of the sequences and the fact that helix screws of B-DNA and poly(dA)-poly(dT) are 10.5 and 10.1 bp per turn in solution, respectively (19) (20) (21) . The lengths of the calibration sequences (21, 31, and 42 bp) are close to integral multiples of their helix repeat, so their multimers contain A tracts that are separated by integral multiples of one helical turn, and the bends due to the A tracts add constructively. The average number of A tracts per helix turn ranges from 1 (in A6-1/1) to 1/4 (in A6-1/4); relative curvature is defined as the average number of A6 tracts per helix turn in the multimer molecules.
RL values for the multimers of the sequences in Table 1 are plotted in Fig. 1 , showing a continuous rise with fragment length. The value of RL is 1 for normal gel mobility, and (RL -1) is a measure of the net anomaly in gel mobility. When multimers of the various sequences are compared, it is evident that (RL -1) is not a linear function of the curvature of the DNA molecules. For example, the (RL -1) value of 147-bp multimers is 0.41 for the sequence A6-1/2 and 1.56 for A6-1/1. Hence, as the relative curvature was increased 2-fold, the (RL -1) value increased nearly 4 times.
In Fig. 2 , RL values are plotted against the square of the relative curvature for the different multimer lengths. In each case, RL varies in a nearly linear manner with the curvature squared. Therefore we set RL = A(relative curvature)2 + B. The constants A and B calculated by using the least-squares method are given in the legend to (9) , provide a substantial data set for testing A-tract bending models. It can readily be verified that the observed properties cannot be explained by using a model that incorporates bending exclusively by tilt at the junctions, and that a significant component of roll at the 5' junction is required.
The multimers (A4T4N2)n have gel mobility anomalies similar to the properties of (A6N4)n, and in contrast the molecules (T4A4N2)n show nearly normal gel mobilities, a striking difference that is particularly informative about the difference in bend parameters at 3' and 5' A-tract junctions. twice as much roll at the T-A step. In (T4A4N2)", the central T-A roll bend works against the two flanking 3' junction bends, and thus the calculated relative curvature is small, as observed in their normal gel mobilities. In (A4T4N2)n, on the other hand, the A-T step has no roll component, and the combination of roll and tilt at the 5' junctions produces overall curvature similar to that of (A6N4)". The consequence of the 5' roll component is to open the minor groove at the 5' end of an A tract, relative to the 3' end; this phenomenon should be increased further at Tn-An junctions.
In the iterative process of refining the bending model, plausible initial roll and tilt components at the 5' and 3' junctions were assigned, and the curvature relative to A6N4 was calculated from the helix axis trajectory. The 150-bp multimer of the A6N4 sequence was used as a reference to predict the (RL -1) values for other sequences from the quadratic dependence of (RL -1) on relative curvature. The 150-bp length was chosen because it is within the optimal range for the application of Eq. 1. The gel mobility anomalies calculated by using a given set of bend angles for the various sequences were compared with the experimental values, and the procedure was repeated after adjusting the angles, until the two anomalies became close. Positioning the junction bends on the first and last bases of an A tract rather than on the base step between an A tract and adjacent B-DNA region generally gives better fits between calculated gel mobility anomalies and experimental values, although this is not strictly true for the AnN3O1 series.
The estimated junction bend angles are listed in Table 2 , and gel mobility anomalies calculated by using these bend angles for the various sequences (all with 10-bp repeats) are compared with experiment in Table 3 . Agreement is remarkably good, considering the size of the data set and the simplicity of the model, with just two adjustable parameters excluding the absolute curvature. Factors neglected include the role of flanking sequence, variation in helix screw, and possible special anomalies at An-Tn and Tn-An junctions.
The procedure described here yields the relative tilt and roll components of the helix axis deflection at the junctions; the Biochemistry: Koo absolute values of the bend components listed in Table 2 Thq bend angles in Table 2 were used to calculate circle sizes for the sequences. The calculated gel mobility anomalies (RL -1) were obtained from the circle sizes and the experimental (RL -1) value for NN4 (1.31), taken as the standard. The sequences labeled with * and t are listed in our previous paper (8) and in Hagerman's papers (7, 9) , respectively. The experimental (RL -1) values in brackets were obtained at different gel electrophoresis conditions [12% polyalrylamide gel (acrylamide/methylenebisacrylamide = 37:1)]
and asr therefore not strictly comparable to the other results. However, the trends within this data set are correctly predicted by the model, as is the gel mobility of the IHA sequence, which has a mixture of A tracts and A4T4N2. Least-squares minimization was not used in determining goodness of fit of the model to the data set, so it is likely that small further improvements on the values in Table 2 Fig. 4 , the in-phase set (IHA)" shows significantly retarded gel mobilities, while those of (OHA)" are nearly normal.
According to the junction model, in the DNA segment around A5 bending occurs primarily in the tilt direction at the junctions, producing overall bending toward the minor groove at the center base of A5 (8, 22 Our model predicts roll that opens the minor groove at the 5' end of the A tract, relative to the 3' end. This is in accord with the chemical "footprinting" observations reported by Burkoff and Tullius (24) , showing that hydroxyl radical attack on A tracts, presumably through the minor groove, is more rapid at the 5' end than at the 3' end of the A tract.
The junction bending model is useful for its simplicity and for its lack of explicit assumptions about the underlying structure of the A tract, but it is not a unique description of A-tract-induced bending. In the junction model, the A tract is characterized by a single helix axis, and the bend is assigned to the junctions where the A-tract axis intersects the axes of adjacent B-DNA. One can equally well define a local helix axis perpendicular to the plane of each base pair and describe the bend as a series of "wedge" angles between adjacent base-pair planes. Ulanovsky and Trifonov (25) showed that the properties of some of the sequences in Table 3 could be explained by using a model with a localized wedge bend in the A tract, with a predominant contribution from roll, in a direction that narrows the minor groove. Repeat of such an operation with a helical screw advance produces a double helix with base pairs tilted relative to the overall helix axis, consistent with models deduced from fiber diffraction studies of poly(dA)-poly(dT) (25, 26) . It is this base pair tilt that predicts the predominance of tilt in the junction bending model (8) . While there are some differences in detail between the junction and wedge bending models for DNA, they can both be interpreted in terms of this underlying structure. The junction model, however, does not require this structure, since the bend could be entirely determined by structural effects at the junctions.
The fiber diffraction model does not in an obvious way predict one of the key findings of this work: the distinction in terms of roll and tilt components between 3' and 5' A-tract junctions. The recent calculations of Churprina (27) indicate that the source may lie in destabilization of the minor groove hydration of poly(dA)-poly(dT) at a T-A step, which corresponds to the 5' junction. Since ordered hydration is thought by some to correlate with a narrow minor groove, its loss should lead to roll at the 5'junction, opening the minor groove as our model requires.
Recent crystallographic studies of DNA molecules containing APT tracts have revealed propeller twisted base pairs with bifurcated or three-center hydrogen bonds in the A tracts (28, 29) . However, since the direction of bending in these molecules is predominantly roll rather than tilt at the junctions, probably due to the crystal packing constraints, the relationship of the propeller twisted structure to bent DNA is uncertain. Indeed, it is found that addition of distamycin, which is known to remove DNA bends (2), increases propeller twisting (29) . This raises the possibility that the propeller twisted form may be the structure found in solution at high temperature, a condition that is also known to eliminate bending (8, 30) . Determination of the underlying structural basis for DNA bending will require crystallographic study of A-tract-containing molecules in a lattice that permits bending in the overall direction defined by the studies reported here.
